Objective: Loss of insulin secretion due to failure or death of the insulin secreting b cells is the central cause of diabetes. The cellular response to stress (endoplasmic reticulum (ER), oxidative, inflammatory) is essential to sustain normal b cell function and survival. Pancreatic and duodenal homeobox 1 (PDX1), Activating transcription factor 4 (ATF4), and Activating transcription factor 5 (ATF5) are transcription factors implicated in b cell survival and susceptibility to stress. Our goal was to determine if a PDX1-ATF transcriptional complex or complexes regulate b cell survival in response to stress and to identify direct transcriptional targets. Methods: Pdx1, Atf4 and Atf5 were silenced by viral delivery of gRNAs or shRNAs to Min6 insulinoma cells or primary murine islets. Gene expression was assessed by qPCR, RNAseq analysis, and Western blot analysis. Chromatin enrichment was measured in the Min6 b cell line and primary isolated mouse islets by ChIPseq and ChIP PCR. Immunoprecipitation was used to assess interactions among transcription factors in Min6 cells and isolated mouse islets. Activation of caspase 3 by immunoblotting or by irreversible binding to a fluorescent inhibitor was taken as an indication of commitment to an apoptotic fate. Results: RNASeq identified a set of PDX1, ATF4 and ATF5 co-regulated genes enriched in stress and apoptosis functions. We further identified stress induced interactions among PDX1, ATF4, and ATF5. PDX1 chromatin occupancy peaks were identified over composite C/EBP-ATF (CARE) motifs of 26 genes; assessment of a subset of these genes revealed co-enrichment for ATF4 and ATF5. PDX1 occupancy over CARE motifs was conserved in the human orthologs of 9 of these genes. Of these, Glutamate Pyruvate Transaminase 2 (Gpt2), Cation transport regulator 1 (Chac1), and Solute Carrier Family 7 Member 1 (Slc7a1) induction by stress was conserved in human islets and abrogated by deficiency of Pdx1, Atf4, and Atf5 in Min6 cells. Deficiency of Gpt2 reduced b cell susceptibility to stress induced apoptosis in both Min6 cells and primary islets. Conclusions: Our results identify a novel PDX1 stress inducible complex (es) that regulates expression of stress and apoptosis genes to govern b cell survival.
INTRODUCTION
Diabetes results from the failure of insulin producing b cells to compensate for increased metabolic demand and stress (ER, oxidative, inflammatory), leading to the decline of b cell function and survival.
Therefore, understanding the complex mechanisms and underlying regulators of the stress response and of cell fate choices is critical to develop effective prevention and therapeutics for this condition. The human diabetes gene and homeodomain protein PDX1 is of well described importance for the function and survival of b cells [1e5] . Our previously published work has established a role for PDX1 in b cell survival in response to high fat diet (HFD) [6] . While PDX1 expression is not itself induced by stress, it regulates islet compensation for a HFDinduced insulin resistance, in part through direct transcriptional regulation of Atf4 and Wsf1 [6, 7] . PDX1 preferentially binds to the consensus sequence (5 0 -CTCTAAT (T/G)AG-3 0 ), however enrichment of PDX1 has also been found over other genomic motifs [8] . In previous work, we identified PDX1 de novo motifs that bore resemblance to the C/EBP-ATF response element (CARE) site sequence (TGATGXAAX) under Pdx1 enrichment peaks associated with the Eif4ebp1 and Atf5 genes [8] . Activating transcription factors are a family of transcription factors known to bind CARE motifs [9] . Activating Transcription Factor 4 (ATF4) is a member of the survival and homeostasis regulatory CREB/ATF family of DNA binding basic leucine zipper domain containing transcription factors [10] . ATF4 has been extensively studied in cellular stress responses and its downstream targets include both negative and positive regulators of translation and protein synthesis [11, 12] . ATF4 is one member of a set of privileged mRNAs, that also includes family member ATF5, that are specifically translated in the context of stress when there is global translation arrest of most other mRNAs [13, 14] . ATF5 plays tissue specific adaptive and maladaptive roles in cell survival in response to a variety of stresses, such as serum deprivation, oxidative stress, and ER stress [10,15e17] . In primary b cells ATF5 deficiency reduces cell survival, mediated at least in part by its regulation of translational arrest in response to stress through Eif4ebp1 [18] . Here we identify previously undiscovered stress responsive transcriptional complex (es) containing PDX1, ATF4 and ATF5 that regulates expression of stress and apoptosis genes to influence b cell fate decisions during stress.
MATERIALS AND METHODS

Animals
Wild type (WT) CD1 males were purchased from Charles River Laboratories. Experiments were performed on islets isolated from 8 to 10-week-old mice housed in a 12hr light/dark cycle with ad libitum access to food. The University of Pennsylvania Institutional Animal Care and Use Committee approved all mouse studies.
2.2. Cell culture and lentiviral infection P20-30 Min6 cells were cultured in DMEM (Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS. For shRNA experiments, 293T cells were nucleofected by lipofectamine 2000 with pLenti CRISPR/Cas9 vectors targeting Pdx1, Atf4, or Atf5, pLenti Ultramir shRNA vectors targeting Pdx1, Atf4, Atf5, or Gpt2, or a nontargeting control, and viral packaging component vectors (psPax2 and PMD2G). Virus was harvested at 48 and 72 h post-transfection, concentrated by centrifugation, and then used to infect Min6 cells or isolated mouse islets. Infected cells or islets were harvested for protein or RNA 72e96 h post-infection.
2.3. Islet isolation, culture, and lentiviral infection Islets were isolated from 8 to 10 week old mice by collagenase digestion as described [18] . After three rounds of hand-picking under a light microscope, islets were allowed to recover in media for 2 h. Islets were incubated with 250 mg/mL trypsin for 2 min and mixed gently twice. FBS was added to stop the trypsinization and islets were centrifuged to remove FBS/trypsin. Concentrated lentiviral media was added to the islets and they were incubated overnight in the tissue culture incubator. Islets were recovered from the islet media by resuspending the islets and handpicking the intact islets twice into new plates with fresh islet media. This protocol is adapted from [19] . Islets recovered in culture in RPMI 1640 for 48 h and were then picked to size-match and treated with vehicle (DMSO), thapsigargin (Tg) (1uM) (Sigma, St. Louis, MO, USA), or 500uM palmitate for the denoted times. Palmitate was dissolved in 50% ethanol (150 mM) and conjugated to 10% BSA (7 mM). The Image-iT LIVE Red Caspase-3 Detection Kit (Thermofisher) was used as per the provided protocol to stain active caspase-3 in islets. The islets were then dissociated into single cells, spun onto a slide by cytospin, and analyzed by a Keyence BZ-X710 fluorescent microscope and quantitated with the Keyence BZ-X Analyzer software.
Western blot analysis
Protein lysates were prepared using NP-40 lysis buffer (0.4% NP-40, 150 mM NaCl, 50 mM Tris base, pH 7.6). Protein concentration was determined using BCA (ThermoFisher, Saint Louis, Missouri). Proteins were separated by SDS-PAGE and immunoblotted with the following primary antisera: rabbit anti-cleaved caspase-3 (Cell Signaling, Danvers, MA, USA), mouse anti-tubulin (Sigma Aldrich), rabbit anti-Atf4 (Santa Cruz), guinea pig anti-Pdx1 (Chris Wright), and anti-HA-HRP conjugated (Roche, San Francisco, CA, USA). HRP conjugated antibodies were incubated for 2 h at room temperature. Luminate Crescendo HRP substrate (Millipore) was used to visualize blots with film or a Chemi-doc Touch Imaging system (Bio-Rad, Hercules, California, USA). Use and dilution information for anti-sera is found in Table 1. 2.5. Immunoprecipitation and chromatin immunoprecipitation For immunoprecipitation, Min6 cells or isolated mouse islets were washed 3 times with cold 1x PBS, then nuclear extract was collected as previously described [20] except buffer C did not contain glycerol. Nuclear lysate was incubated overnight with antibodies for denoted proteins or control IgG and then incubated for 2 h with G Protein Dynabeads (ThermoFisher). For ChIP, Min6 cells (w1 Â 10 7 cells) or 200 isolated mouse islets were cross-linked with 1% formaldehyde in 1xPBS for 10 min at room temperature and quenched with glycine to a final concentration of 0.125 M. Chromatin was sonicated in a Bioruptor (Diagenode, Denville, NJ) and precleared with normal mouse IgG (Santa Cruz) overnight at 4 C. After removal of an aliquot for input, precleared chromatin was divided equally for IP with either rabbit anti-ATF4 (Santa Cruz), anti-HA conjugated agarose (Sigma), or normal IgG (Santa Cruz) for 3 h at 4 C. Use and dilution information for anti-sera is found in Table 1 Table 2 .
Statistics
To calculate the binding potential profiles, we ordered the Pdx1 peaks by peak strength and put them into 8 groups of decreasing strength. For each motif of interest we identified matches using a PWM and retained any match that had a log-likelihood ratio score of at least 6. To compute the binding profile of the motif for a set of Pdx1 peaks, we converted the genomic motif match coordinates to its position relative to the nearest Pdx1 peak. We used a sliding window of 200 motif matches and divided the total log-likelihood ratio score of matches in the window by the distance from the first to the last match in the window to give a local average binding potential. The median position of the matches was used as the average location of the matches in the window. For display purposes the profile was smoothed with the R function smoothspline with df ¼ 200 to perform very gentle smoothing. For the plot the position coordinates where transformed using the square root to emphasize the binding potential profile near to the Pdx1 peak. Plots were made using the R Studio R gplot package. The hypergeometric test was calculated using R Studio. Data are presented as mean AE SEM. Differences between compared groups were achieved by 2-tailed Student's t-tests and considered significant when p-values were less than 0.05.
RESULTS
PDX1 binds CARE sites of stress and apoptosis genes
Comparison of RNAseq transcript profiles derived from Min6 cells deficient in Pdx1, Atf4, or Atf5, revealed a set of 149 genes dysregulated by all three deficiency conditions ( Figure 1A , Supplemental Figure 1A ). This extent of overlap was statistically significant as per calculation by the SuperExactTest R package [22] . An equal number of transcripts were upregulated and downregulated with deficiency of Pdx1; whereas Atf4 and Atf5 deficiency were each associated with predominantly down regulated transcripts ( Figure 1B ). In contrast, the Pdx1 target genes coregulated with Atf4 and/or Atf5 were largely downregulated. Given the fraction of Pdx1 target genes that are downregulated, the number of genes downregulated in the Pdx1-Atf subpopulation of genes is significantly over-represented as calculated by a hypergeometric test (Supplemental Figure 1B) 
). Gene ontology (GO) analysis of these 149 genes commonly dysregulated by Pdx1, Atf4, and Atf5 deficiency revealed highly significant categories associated with apoptosis and signaling in response to stress ( Figure 1C ). Similar GO analysis of the genes dysregulated in both Pdx1 and Atf4 deficient cells (451 transcripts) and Pdx1 and Atf5 deficient cells (272 transcripts) also revealed significant categories in stress response and apoptosis (Supplementary Figure 1C, D) . Taken together, the results support the possibility of a coordinated positive regulation of apoptosis and stress related genes by PDX1, ATF4 and ATF5.
Activating transcription factors, such as ATF4 and ATF5, can bind composite ATF consensus sites, known as CARE sites, upon dimerization with certain binding partners. To investigate whether PDX1 enrichment is associated with CARE sites, we examined results from ChIPseq analysis of isolated mouse islets [8] . Intriguingly, we found PDX1 enrichment at CARE sites of a subset of the genes commonly regulated by Pdx1, Atf4, and Atf5. This list included Eif4ebp1 ( Figure 1D ). We recently identified a role for Eif4ebp1, regulated by ATF5, in b cell survival in response to stress at least in part through the modulation of recovery from global translational arrest [18] . Other loci with canonical roles in stress response, Ddit3 and Trib3, also exhibited PDX1 enrichment of an associated CARE site ( Figure 1D ). To characterize PDX1 enrichment of CARE motifs in an unbiased manner, we visualized the locations of matches to the CARE motif by annotating the genome within 2000 bp on both sides of each Pdx1 peak for matches to the CARE motif. We then sorted the Pdx1 binding sites in order of decreasing binding strength and grouped them into 8 groups of peaks with roughly equal strength. Within each group we computed the total motif score in 133 position bins. We found that CARE motifs are typically located within the Pdx1 peak. Stronger Pdx1 peaks are more likely to have a CARE motif. The CARE binding potential is significant and about 2 times the background level ( Figure 1E ). Weaker Pdx1 peaks have progressively weaker CARE motif binding potential with the weakest peaks being about 10% higher than background. To further characterize PDX1 enrichment of CARE sites, we analyzed the distribution of this enrichment in relation to the transcriptional start site (TSS) of associated nearby genes. The cumulative distribution demonstrates about 25% upstream, 35% near the TSS, and 40% downstream, presumably in the gene body (Supplementary Figure S1E) . As the CARE site has base pair variability at the 3' end of the motif (XAAX), we examined whether any of the possible base pair combinations were over represented in the subset of commonly regulated genes with PDX1 enrichment. Comparison of the possible combinations revealed no particular pattern and a relatively even distribution with slightly more representation found for AAAC (15%) and AAAT (15%) (Supplementary Figure S1F) . Taken together, these results demonstrate that CARE site motifs follow a distinct pattern of enrichment by PDX1 and that this novel binding site for PDX1 is associated with apoptosis and stress response loci.
Stress inducible interactions among PDX1, ATF4, and ATF5
The identification of multiple non-homeobox motifs under PDX1 enrichment peaks supports the notion that PDX1 works cooperatively with other transcription factors in the regulation of gene expression, possibly in a context specific manner. We previously established that PDX1 transcriptionally regulates expression of Atf4 and Atf5 [6, 18] , thus overlapping transcript targets were not unexpected; however, the discovery of PDX1 enrichment of CARE sites suggested the possibility of interaction at the protein level. Indeed, we clearly demonstrate interaction between endogenous PDX1 and ATF4 in the Min6 b cell line by co-immunoprecipitation (Figure 2A,B) . The interaction is more pronounced in the context of ER stress (Figure 2A ,B; right side of panels: thapsigargin (Tg)). To assess whether this interaction is conserved in primary islets, we performed co-immunoprecipitation of nuclear lysates prepared from primary isolated islets. Similar to our results in Min6 cells, immunoprecipitation of PDX1 demonstrated a stress responsive co-IP of ATF4 and vice versa in primary islets ( Figure 2C,D) . In the absence of a suitable antiserum for endogenous ATF5, we created a Min6 cell line with stable overexpression of a C-terminally hemagglutinin (HA)-tagged ATF5. HA-ATF5 showed a robust interaction with ATF4 that was increased by stress, whereas a weak interaction of HA-ATF5 with PDX1 was not enhanced during stress (Supplemental Figure 2) . It is possible that the interaction between PDX1 and ATF5 is impeded by the epitopes recognized by the antisera used for immunoprecipitation; however, these data could also be indicative of the formation of two separate complexes (i.e. PDX1-ATF4 and ATF4-ATF5). Our current data do not differentiate between the formation of dyad complexes or a single triad complex; indeed, both situations are possible. Thus, our results show previously undiscovered stress inducible interactions among PDX1, ATF4, and ATF5 in the pancreatic b cell. Figure 3A) . Compellingly, the list of commonly regulated targets contained several genes with either known pro-apoptotic functions (Bnip3, Rad51l1, Trib3, Chac1, Ddit3) or pro-survival functions (Eif4ebp1, Atf5, Creb3l1, Defb1). The combination of both adaptive and maladaptive gene targets suggests a checkpoint role for the PDX1 transcriptional complex (es) in the determination of b cell fate decisions. Further data mining revealed that nine of these genes shared conserved PDX1 occupancy of a CARE site containing region near the human orthologs of these genes (identified using the UCSC human LiftOver tool) ( Figure 3A , (*)) [8] .
For several gene targets with no previously identified roles in b cell stress or survival, we examined the effect of stress on transcript expression. In each case, induction of ER stress affected gene expression in both Min6 cells and in primary isolated islets ( Figure 3B,C) . Chac1 was the most robustly induced transcript. While most of the examined transcripts were significantly induced by stress, Cartpt expression was unique in that its expression was reduced under stress conditions. Three of the transcripts (Chac1, Gpt2, Slc7a1) were upregulated at both acute (6hrs) and chronic (24hrs) time points ( Figure 3B,C) . Notably, Chac1, Gpt2, Slc7a1 exhibited PDX1 enrichment of a CARE site at an orthologous human region as well as transcript induction by palmitate in human islets ( Figure 3A , *þ) [8, 23] . These targets were prioritized for their high likelihood of conserved function in b cell stress and survival in human islets. ChIP PCR was used to determine whether ATF4 and ATF5 enrichment is also present at the CARE motifs near these genes. Results indicate that ATF4 enrichment is stress induced at these CARE sites ( Figure 3D ), whereas significant ATF5 enrichment is present basally and significantly decreased with stress for Chac1 and Slc7a1, but not Gpt2 ( Figure 3E ). This decrease could reflect competition for binding with ATF4, which is highly recruited to the site upon stress treatment. These observations are in line with the enrichment pattern of ATF5 and ATF4 we previously found at the Atf5 and Eif4ebp1 CARE sites [18] . Our results have identified stress inducible targets with potential roles in b cell survival and marked by significant enrichment of PDX1, ATF4, and ATF5.
3.4. PDX1, ATF4, and ATF5 are required for basal and stress induced gene transcription From our differential expression analysis, we found that deficiency of Pdx1, Atf4, and Atf5 reduced expression of Chac1, Gpt2, and Slc7a1 under basal/unstressed conditions. To determine whether chromatin enrichment at the CARE motifs of these genes was associated with a functional role in stress induced gene expression, CRISPR/Cas9 genome editing was used to assess the effects of Pdx1, Atf4, and Atf5 deficiency on stress induction of these transcripts in b cells. Reduction efficiency by CRISPR/Cas9 genome editing of PDX1 and ATF4 was assessed by immunoblot (Supplemental Figure 4) . ATF5 levels could not be assessed as no ATF5 antisera suitable for Western blot analysis are currently available. Basal transcript expression of Chac1, Gpt2, and Slc7a1 was reduced by deficiency of Pdx1, Atf4, and Atf5 ( Figure 4A ,B, C). Stress induction of the most robustly induced transcript, Chac1, was significantly reduced by deficiency of all three transcription factors; however, Atf4 deficiency resulted in the largest decrease ( Figure 4A ). Induction of Gpt2 transcript was the most uniformly reduced by deficiency of all three transcription factors: Pdx1 (80%), Atf4 (90%), and Atf5 (70%) ( Figure 4B ). Induction of Slc7a1 transcript was significantly reduced by deficiency of Pdx1 and Atf4, but increased by Atf5 deficiency during stress ( Figure 4C ). These diverse patterns of regulation for Chac1, Gpt2, and Slc7a1 support the possibility of distinct configurations of the transcriptional complex (es) containing PDX1, ATF4 and ATF5. Our results clearly indicate roles in both basal and stress induced transcriptional gene regulation by a PDX1 transcriptional complex or complexes.
3.5. Gpt2 deficiency protects b cells from apoptosis due to stress To evaluate whether Gpt2 plays a role in b cell survival during stress, we used shRNA mediated reduction of Gpt2 in Min6 cells treated with either thapsigargin (Tg) or the diabetes associated stress palmitate (PA). An w80% reduction in Gpt2 transcript and protein reduced the activation of caspase-3 by palmitate ( Figure 5A ,B, C). Similarly, treatment of Min6 cells with Tg in the context of Gpt2 deficiency resulted in a significant reduction in the activation of caspase-3 ( Figure 5D ,E, F).
To examine the role of Gpt2 in b cell survival in primary b cells, we employed lentiviral delivery of shRNA constructs with a GFP expression cassette to primary isolated mouse islets. Treatment of primary isolated islets with the pathophysiologically relevant glucolipotoxic stress (PA þ high glucose) increased the number of cells containing activated caspase-3 w2.5 fold compared to controls; this was markedly attenuated by Gpt2 deficiency (Figure 5G ,H). We achieved highly efficient deletion of Gpt2 in w55% of islet cells ( Figure 5I,J) . A multitude of studies have characterized the susceptibility of beta cells to glucolipotoxicity in beta cell lines, rodent islets, and human islets [24e27]. Importantly, it has been established that alpha cells are resistant to palmitate induced apoptosis [28] ; thus, the cells positive 
DISCUSSION
Our results show that the transcription factors PDX1, ATF4, and ATF5 form a stress responsive complex or complexes and co-occupy CARE sites to regulate apoptosis and stress response genes. We discovered a multitude of downstream targets regulated by the stress responsive PDX1 transcriptional complex, including several proapoptotic genes (Bnip3, Rad51l1, Trib3, Chac1, Ddit3) and several pro-survival genes (Eif4ebp1, Atf5, Creb3l1, Defb1). The proapoptotic gene targets function through various mechanisms including BCL2 binding (Bnip3) [29, 30] , DNA damage sensing (Rad51l1) [31] , and glutathione degradation (Chac1) [32, 33] transcriptional regulation (Ddit3, Trib3) [34e40], whereas the prosurvival gene targets function through the regulation of translation (Eif4ebp1, Atf5) [11, 18] , transcription (Atf5, Creb3l1) [18, 41] , and secreted peptide signaling (Defb1) [42] . Several gene targets (Gpt2, Chac1, and Slc7a1) were raised to a higher priority by the conservation of stress induction and PDX1 enrichment of CARE sites in human islets, suggesting a conserved role in human islet biology. SLC7A1 is a cationic amino acid transporter located in the plasma membrane of the cell that may function to regulate arginine transport [43] . CHAC1 is a gamma-glutamylcyclotransferase that degrades glutathione [32] . Interestingly, Chac1 expression is also a marker for a recently identified iron dependent, necrosis-like form of cell death called ferroptosis [44] . Here, we show that upregulation of Gpt2 contributes to stress induced apoptosis in b cells. GPT2 is a rapid equilibrium transaminase that catalyzes a glutaminolysis reaction converting glutamate and pyruvate into a-ketoglutarate and alanine. The production of a-ketoglutarate feeds into the tricarboxylic acid (TCA) cycle, resulting in synthesis of ATP [45, 46] . There are several ATP dependent steps necessary for apoptotic signaling (caspase activation and chromatin condensation); thus limitation of ATP synthesis by Gpt2 deficiency could delay or inhibit apoptotic signaling [47] . Notably, replenishment of TCA cycle intermediates (TCA anaplerosis) is of particular importance for cancer cells due to the glutamine dependence of cancer cells for survival and proliferation [48, 49] . Recent reports implicate Gpt2 upregulation as a key step in the reprogramming of glutamine metabolism of cancer cells [50, 51] . We speculate that Gpt2 also reprograms glutamine metabolism in b cells.
The identification of Pdx1 targets with negative roles in cell survival appears incongruous with its in vivo role to promote b cell survival [6, 52] . We draw comparison to ATF4, which is well recognized for its dichotomy of function in regulating both pro-survival and pro-apoptotic pathways. ATF4 regulates targets necessary for recovery from stress (amino acid transport, protection from oxidative stress, and protein homeostasis) [53e56] as well targets involved in cell death (Ddit3, Trib3) [35e37,40] . Rather than promoting cell survival, the PDX1-ATF4 complex may function as a gatekeeper, integrating positive and negative signals to determine b cell fate. Our identification of this complex and its targets introduces a new avenue for therapeutic intervention to prevent or ameliorate diabetes by improving b cell survival.
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